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1 Introduction

We present and study new algorithms for simulating the mean curvature
motion of networks of interfaces under arbitrary surface tensions. This mo-
tion arises as the L? gradient descent for an energy in which the area of
each surface in the network is weighted by a possibly different constant. It
appears prominently in several fields including materials science, where it
describes the motion of grain boundaries in polycrystalline materials [30],
and in computer vision, where it is used for segmenting images [31].

The mathematical setting of the problem is as follows: Let D be a domain
in R%; typically, d = 3. For convenience, we will work mostly on a cube with
periodic boundary conditions, so that D will in fact be a torus. Consider a
partition of D into closed sets X1, ..., %y called phases that may intersect
only through their boundaries:

N
D =%, and ;N % = (9%4) N (9%;) for i # j. (1)
j=1
Denote the interface separating ¥; and ; by I'; ;:
L = (0%) N (0%;).

See Figure 1 for an illustration.
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The energy we study, defined on partitions of D, is:

N
E(El,...,EN) = Z 04,5 Area(]_“m-), (2)
1,7=1

where 0;; = 0 and 0;; = 0;,; are strictly positive for i # j. The constant
0;,; is called the surface tension associated with interface I'; ;. Denote the
set of surface tension matrices as

Sy = {a eRVN g, = 0and 0 = 0j; > 0 for all distinct z]}

The following triangle inequality is necessary and sufficient for model (2) to
be well-posed (lower semi-continuous) [29]:

0;j +0jr > 0 for any i, j, and k. (3)

We will therefore work mostly with the triangle inequality satisfying class
of surface tensions:

Tn = {a €SN 1 055+ 0 > 0y for any i,j,k}.

Junctions are locations in the domain D of the partition where more than
two grains meet. For a given partition, it is convenient to (informally) define
the following sets of points in discussing junctions:

Jw={z €D : 3= >0 s.t. By(z) intersects k phases Vr <&},  (4)

so that

N
jl = U Zi, j23 = {Junctions}, and j2 = U Fi,j \jzg.
i=1 i#£j
Our goal is to develop efficient, robust algorithms for simulating the

L? gradient flow of energy (2). Two important rules defining the resulting
dynamics are:

1. At any point p € I'; ; \ J>3 at which I'; ; is smooth, the normal speed
is given by
v1(p) = pijoi ki (p) (5)
where x; ; denotes the mean curvature of I'; ;. The constants p; ; are
the mobilities associated with the interfaces I'; ;; they are positive, but
otherwise can be chosen arbitrarily.



2. A condition known as the Herring angle condition [18] holds at triple
junctions p € J3: At a junction formed by the meeting of the three
phases 31, ¥o, and Y3, one has

o12n1,2(p) + 02,3n2.3(p) + 03,113,1(p) =0 (6)

where n; ; denotes the unit normal to I'; ;, pointing from ¥; into X;.
Relation (6) determines the opening angles 61, 02, and 03 (see Figure
2) of the three phases ¥, Y, and X3 respectively, in terms of the

surface tensions: ] ] ]
sinf; sinfy sinfs

(7)

023 01,3 01,2

)

These two rules do not completely specify the dynamics, since topological
changes in the network of surfaces inevitably take place, and multiple junc-
tions (where four or more phases meet) routinely form even if absent in the
initial condition. There is, in fact, no complete theory of solutions for this
system covering all possible types of junctions and surviving past topolog-
ical changes. Rather, these two are necessary conditions to be met by any
reasonable algorithm. Additional necessary conditions can be derived, e.g.
at stable multiple (> 3) junctions [7].
We conclude this introduction with an outline of the paper:

e Section 2 describes the motivation from materials science for studying
the dynamics considered in this paper.

e Section 3 recalls important previous work, in particular the original
threshold dynamics algorithm of Merriman, Bence, and Osher that
constitutes the departure point of the algorithms presented here. It
also describes difficulties in extending this algorithm to the general
setting of arbitrary surface tensions that is the focus of the present
work.

e Section 4 presents an energetic formulation of threshold dynamics. In
particular, it identifies a class of approximations to surface energy
that constitute Lyapunov functionals for threshold dynamics type al-
gorithms. This is new even in the case of the most basic, two-phase
setting. More importantly, it reveals a principled way of extending
threshold dynamics to the setting of the general interfacial energy (2).

e Section 5.1 contains the derivation of the main result of the paper:
Our threshold dynamics algorithm for general surface tensions o; ;



and arbitrary mobilities y; ;, fully described in (42-45) of Section 5.1.3.
Section 5.2 studies stability properties of the proposed algorithm, and
establishes its unconditional gradient stability in a wide class of cases.
This matter turns out to be related to certain well-known questions of
embeddability of finite metric spaces in Euclidean spaces that arises
in theoretical computer science and combinatorics. Among the cases
covered by our stability result is the physically relevant case of Read-
Shockley surface energies, both in the 2D and 3D crystallography
settings. Section 5.3 makes connections between our algorithm and
the minimizing movements approach, which may prove useful in future
study of convergence of the dynamics. Section 5.4 presents a slightly
more costly version of our threshold dynamics algorithm the stability
of which applies much more widely to essentially all physically relevant
cases.

e Section 6 presents numerical evidence, including both classical con-
vergence studies for smooth flows, and experiments with a number of
interesting singular phenomena such as topological changes, wetting,
and nucleation.

e Finally, Section 7 (the Appendix) contains a rigorous proof of the
Gamma convergence of our approximate energies to the interfacial en-
ergy (2). Since the all important Herring angle condition (7) is an
equilibrium (energetic) condition, this result constitutes strong indi-
cation for the correct behavior of our algorithm at triple junctions.

2 Motivation

Energy (2) and its dynamics (5) & (7) arise in materials science, where they
describe the motion of grain boundaries in polycrystals [30] under annealing
(heat treatment). A material is called polycrystalline if it is composed of
many tiny single crystal pieces, known as grains, stuck together. These
types of materials are very common: they include most metals and ceramics.
Connected components of the phases ¥; in model (2) represent individual
grains. The surface tension o;; associated with the interface I'; ; between
two neighboring grains Y; and Y; depends on the mismatch between the
crystallographic orientations of 3; and X; [20]. In reality, grain boundary
energy depends also on the normal n; ; to the interface I'; ;. Here, we will
ignore this dependence on the normal.



Figure 1: A partitioning of a domain into sets X; that intersect only at their boundaries.
Interface I'; ; separates ¥; from X;. This set-up appears e.g. in materials science, where
the sets X, represent grains (individual single-crystal pieces) making up a polycrystalline
material.

Figure 2: The angles 6, formed at a triple junction p are determined according to formula
(7) by the surface tensions o, ; of the interfaces meeting there. The tangent to the triple
curve points into the page in this picture.



Certain important physical properties of polycrystalline materials, such
as their yield strength and conductivity, depend on their grain boundary
network. It is therefore of interest to simulate the evolution of grain bound-
aries under common industrial processes. In certain cases, it is found that
the dependence of the energy density in (2) on misorientation is fairly con-
stant for large enough misorientations. In such cases, the simplest case of
model (2) with all equal surface tensions o;; = 1 (which leaves no depen-
dence on the specific type of material) provides a reasonable description of
some of the grain boundary motion phenomena observed in experiments.
However, for certain important grain phenomena, such as the evolution of
grain boundary character distribution [22], the full generality of model (2),
where each o; j can be different, is required at the bare minimum.

In [10, 12, 11], a version of diffusion generated motion that is more
accurate on uniform grids (relying on signed distance functions as opposed
to characteristic functions to represent phases) was used to carry out large
scale simulations of grain growth and recrystallization in 3D, but only in the
equal surface tension case. In this paper, we develop algorithms so that such
large scale simulations can be carried out for the full generality of model (2)
so that phenomena such as grain boundary character distribution can be
studied via diffusion generated motion.

3 Previous Work

There is a large body of work on algorithms for simulating the curvature
motion (5) & (7) of interfacial networks; see e.g. [23, 21] and references
therein for a glimpse of this extensive landscape. The algorithms proposed
in the present paper are motivated by the diffusion generated motion scheme
of Merriman, Bence, and Osher (MBO) introduced in [27, 26]. The essential
idea there is to represent the phases Y; via their characteristic functions
1y,, and generate the desired motion of their boundaries by alternating
two simple operations: (1) convolution with a positive, unit mass, radially
symmetric kernel G such as the Gaussian

1 _x?
Gsi(z) = —e 100, (8)
2

(4m(8t))

and (2) thresholding. To be precise, the original Merriman-Bence-Osher
scheme can be written as follows:




Algorithm (MBO’92): Given the partition X%, ... ,Efv at time t =
(6t)k, to get the partition Elfﬂ, el Elf\,ﬂ at the next time step t =
(6t)(k +1):

1. Convolution step:
¢i‘€ = Gyt * 12;- 9)

2. Thresholding (redistribution) step:

il = {x oF(x) > <Z>f(:):) for all j # 2} (10)

The algorithm is appealing because it appears to be unconditionally
stable, and each of its steps can be implemented efficiently on a uniform
grid: at M log(M) cost per time step where M is the total number of grid
points. Numerical experiments presented in [26] (and subsequently in [34]
with an improved implementation on adaptive grids) yield ample empirical
evidence for the convergence of this algorithm to the dynamics (5) & (7)
with symmetric (120°) angles at triple junctions. In other words, it appears
to generate the gradient flow of energy (2) with equal surface tensions:

0i4 = 1 for all ¢ 7& j

A natural idea for extending the MBO scheme to the general surface
tensions case of model (2) — where each o; ; can be different — is to replace
the thresholding (redistribution) step (10) of the standard MBO scheme
with a weighted version:

st = {a: 2D iedn(w) > Y ajedn(a) for all j £ Z} "
- ¢

The essential question is then how the constants «;; should be chosen to
induce the desired angles at junctions.

Although several ideas, including a redistribution similar to (11), for
extending the MBO scheme to the general surface tensions case are proposed
in the original paper [26], these do not achieve the correct Herring angle
conditions (7) at junctions. Related ideas for the same goal appear in the
well-known but unpublished notes [25]; these, too, are incorrect.

One difficulty responsible for these failed attempts appears to be the
presence of boundary layers in stationary states of MBO type schemes when
unequal surface tensions are attempted using modified redistribution rules



such as (11). Figure 3 shows the boundary layers at the junction for a
stationary state of a generalized MBO scheme of the form (11). Previous
attempts in [26, 25] can be understood as trying to impose the Herring angle
condition (7) right at the junction, oblivious to the presence of boundary
layers. The relevant, effective junction angles, however, are not the ones
formed right at the junction, but the far-field angles between the interfaces,
which are asymptotically straight at an intermediate length scale. One of
the contributions of the present paper is a systematic procedure for deter-
mining the effective junction angles induced by any given set of parameters
in generalized threshold dynamics schemes. Our approach avoids having to
understand in detail the structure of the boundary layer.

In [33], a variant of the MBO scheme is proposed that replaces the thresh-
olding step (10) by a spatially dependent one. The convolutions formed in
step (9) are used to estimate the distance of a given point to the near-
est triple junction, which is then utilized in assigning the point to one of
the phases via a modified thresholding step. Extensive numerical tests in
[33] indicate that this modification indeed allows the algorithm to achieve
the Herring angle conditions at triple junctions. However: 1. The result-
ing algorithm — in particular, its thresholding step — is considerably more
complicated than the original MBO scheme, and deviates from its spirit by
having to essentially locate triple junctions. 2. To treat the full generality
of model (2), a heuristic averaging step is introduced that requires taking a
weighted sum over N-choose-3 ways of redistributing points, drastically in-
creasing computational cost. 3. Since the scheme is designed around triple
junctions, there is only some empirical evidence for its behavior when mul-
tiple junctions (where four or more phases meet) inevitably form during the
evolution.

In contrast, in Section 5 we provide algorithms for the full generality of
model (2), allowing any triangle inequality satisfying choice of surface ten-
sions o; ;. These algorithms maintain the simplicity, efficiency, and spirit of
the original MBO scheme, and thus appear to be its correct generalization
to the unequal surface tension setting. Sections 7 and 5.2 present rigorous
results strongly indicating that our algorithms automatically impose the ap-
propriate Herring condition according to formula (7) at any triple junction.
Careful numerical convergence studies in Section 6 provide further evidence.
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Figure 3: Left: Solid curves represent a fixed point of our proposed threshold dynamics
algorithm, with (90°,90°,120°) angles at the junction. The dotted lines are the exact
stationary solution of dynamics (5) & (7). Right: Zooming in on the junction and plotting
the slope of one of the interfaces as a function of distance from the junction makes the
presence of a boundary layer (of thickness = \/E) evident. These boundary layers were
not recognized in several previous attempts at designing threshold dynamics algorithms,
and consequently prevented them from achieving the proper angle conditions (7). The
bottom line: The effective and thus relevant angle is the far-field angle, not the angle at
the junction. Section 5 shows how to choose parameters in the proposed algorithm so that
the desired effective angle is achieved.

4 The Approximate Energies

This section studies an approximation to the weighted surface area func-
tional (2) that turns out to be a Lyapunov functional for threshold dynamics-
type schemes. This is new even in the case of two-phase threshold dynamics,
which had been rigorously studied only via comparison principles previously
[13, 5]. The two-phase version of the approximate energy appears in previous
literature [1]. Interestingly, these two-phase energies also appear in recent
non-local models of aggregation and swarming in biological systems [39, 38].
Gamma convergence of such non-local energies to the perimeter of sets is
also established [1]. Extension of these non-local approximations of perime-
ter to the multi-phase energy (2), discussed below in this section, is new
and allows us to identify in a systematic manner threshold dynamics-type
schemes for (2) in Section 5.



4.1 Notation and the New Multi-Phase Approximation

In [1, 28], the following approximation for the perimeter of a set ¥ € RY is
considered: )

Ps(X) = ﬁ - Gt * 1 dzx. (12)
In words: An initially uniform temperature distribution in the set ¥ is
allowed to be diffused by the heat equation. Measuring the amount of heat
that escapes to the exterior of the set gives, after normalization, an estimate
for the size of its boundary; hence the term: heat content. A slightly more
general non-local approximation to the perimeter of sets is studied in [1];
one of its results is:

r— 51_i>r(r]1+ P (X) = Per(X).

For certain choices of the surface tension matrix o € Ty, energy (2)
can be written as a positive sum of perimeters of sets, and thus the gamma
convergence result of [1] can be directly extended to the multi-phase setting
for such surface tensions. However, as discussed at length in Section 5.2,
energy (2) cannot be written as a positive sum of perimeters of sets for all
o € Tn. We therefore look for a more general approximation of (2) that is
in the same spirit as (12).

The idea is to approximate the surface area of interface I'; ; appearing
in energy (2) by the term

1
Area(T'; ;) = NG / 15,Gst * 1y, dx,

which has the intuitive interpretation that the surface area of the interface
I'; ; that separates ¥; from ¥; is related to the amount of heat that escapes
from 3; into ¥;. Thus our approximation to model (2) has the form

Egt(zl,...,EN \/7 Z O‘z’]/lg G(gt*]_g dzx. (13)

1,j=1

Alternatively, the energy can also be approximated as

Es(21,...,2N) =

Z 017]/12 Ga”& * 12 Cl.%' (14)
V O[ZJ i,5=1

which involves a convolution with a different kernel for each interface. This
is inconvenient from a numerical perspective. Moreover, unlike (13) the

10



Gamma convergence of which is studied in Section 7, convergence for (14) is
not clear. In this paper we will therefore focus on the approximation (13).

The relaxation of energy (13) over functions u; taking their values in the
unit interval [0, 1] (as opposed to in {0,1}) and adding up to 1, i.e.

N
u; > 0 and Z u; =1 almost everywhere, (15)
i=1

will also be denoted by FEj;:

N
1
Est(u1,...,uy) = T5i > o /uiGét * uj de. (16)
ij—1

Also, let the vector u denote u(z) = (ui(x),...,un(z)); we will then write
Esi(u) in place of (16). Configurations u respecting (15) will be called
admissible.

We conclude this section by mentioning that in the context of phase field
models, an energy analogous to (13) appears in [17, 15].

5 The New Algorithm

Section 5.1 presents a heuristic derivation of the proposed algorithm for (5)
& (7) for arbitrary mobilities and surface tensions. Section 5.2 provides
justification.

5.1 Derivation of the Algorithm
The proposed algorithm for (5) & (7) will be derived as a peculiar optimiza-

tion procedure for approximate surface energies (13) or (14). As a special
case, this general discussion will also exhibit the original MBO scheme (9)
& (10) as an optimization procedure (for the particular case of equal surface
tensions, o; ; = 1 for all i # j), which is a new characterization.

5.1.1 Relaxed and Linearized Energies

Denote the set of binary functions v = (uy,...,uy) on D as
B= {u : For each « there is ¢ s.t. u;(z) =1 and uj(z) = 0 for all j # z}

Binary functions u thus represent characteristic functions of the partitions
Y =(21,...,Xn) in (1) over which (16) agrees with the original approximate

11



energy (13). We consider minimizing energy (16) over the following convex
set IC of functions instead:

N
K=1qu:uj(x)el0,1] for all z and j, and Zuj(:v) =1forall z ,,
j=1
(17)
i.e. K is the set of admissible configurations (15). It is a relaxation of the
non-convex constraint set 5. The following Lemma establishes the equiva-
lence of minimizing (16) over the convex constraint set K and minimizing
the original approximate energy (13). It is stated with the addition of a
linear term to (16) to prevent triviality of the minimizer.

Lemma 1 Let 0 € Sy and the convolution kernel Gg; be the Gaussian
kernel (8). Let L be any linear functional defined on K. Then:

min (Es(w) +L(w) = min (Es(w) +Lw)).

PRrROOF OF LEMMA 1. Let v € K be the minimizer of Es5 + L on K.
Suppose v ¢ B. Then there exists a set A C D of positive measure, an

e>0,and k,¢ € {1,2,..., N} with k # ¢ such that
vp(z),ve(x) € (6,1 —¢) for all z € A.
Consider the competitor
Um (2, ) = v (2, ) + t(5m,g — 5m7k)1,4(x)

for m =1,2,...,N. Then, we have ) up(z,t) =1 and uy,(z,t) > 0 for
t € (—e,¢) so that u(-,t) € K for ¢ in that range. We have

d
@um(m,t) = ((5m7g - 5m7k) 1a(x)

and so
d? d d
@E&(u(x,t)) = Z;Umyn/ (dtum> (Gét * dtun> dx
=2 Z Om,n (5m,€ - 6m,k) (571,6 - 6n,k) /1AG5t * 1y dx

= 2(0@74 —Opk — Ok +Uk,k) /1AG6t *14dx

— _40'£,k/1AG§t * ]_A dﬂ?

< 0.

12



Thus, v(z) = u(x,0) cannot be a minimizer. [J

Let Lg;, (uk, -) denote, up to terms constant in u, the linearization of
(16) at uf = (ub, ... uk):

N
LE;, (u w) Z /uith * uf + ujGs * uf‘ dx
ij=
. (18)
Z/ul ZawG(gt * u dx.
=1 J#i
Denote the coefficient of u; in the integrand of (18) as
N
k = Z O'iij(gt * ’LL?, (19)
j=1

so that (18) can be written succinctly as
Lp,, (u*,u) Z/uml dzx. (20)

5.1.2 Algorithm for Mobilities p;; = %
i,j

It turns out that threshold dynamics-type schemes for (5) & (7) can be
systematically derived from the approximate energies (13) via the following
peculiar optimization strategy for the relaxed version (16) of (13):

uk’—i—l

= arg-min Lg;, (u®,u). (21)
uell

In words: at each iteration, the linearization (20) of energy (16) is minimized

over the entire constraint set (17). Since (21) consists of minimizing a linear

functional over the simplex K the extreme points of which are B, the solution

uF*1 can always be taken to be binary (i.e. u**! € B).

Since optimization problem (21) involves the minimization of a linear,
pointwise functional over a convex constraint set, it is easily solved: The
minimization can be carried out at each x € D independently, upon which
the solution is found by comparing the coefficients ¢¥(z) of u;(x) in the
integrand of (20): At time step k + 1, the point x belongs to that phase the
coeflicient of which is smallest at x:

i .
0 otherwise,

13



with the proviso that ties of the type ¢¥(z) = (b’?( ) = ming ¢f(x) for i # j
can be broken by e.g. insisting that uf*!(z) = 1 = u;”l( )=0if j <.

Update procedure (22) is the analogue of the standard thresholding step
of the MBO scheme, and extends it to arbitrary surface tensions and num-
ber of phases. In fact, (22) reduces to the basic thresholding criterion of
MBO in the equal surface tension (i.e. o;; = 1 for all i # j) case. It
is, however, different from all previous attempts at generalizing the MBO
thresholding scheme to arbitrary surface tensions. A complete description
of the algorithm is as follows:

Algorithm Given the initial partition El, .. E(])\, with E? =
{:1: : Z ) > 0} to obtain the the partition EkH . ,Zf\fl at time
step t = ((5t)(k + 1) from the partition ¥, .. Ek at time t = (0t)k:

1. Convolution step: Compute the following convolutions

N
d)f = th * Z 03,5 122? . (23)

j=1

2. Thresholding (redistribution) step:

s+l = {x :PF(z) < 1}5&? ¢§(x)}. (24)

From (24), a level set function delineating the boundary of grain i at the
end of time step k can be formed as follows:

vE (@) = minof (@) — ot @) (25)

We then have:
PhanEs {z : PP (z) > 0}. (26)

Z
The behavior of (24) on J3, i.e. along one of the smooth surfaces I'; ;

away from any junctions, can be understood by simply Taylor expanding
the convolutions. To that end, take a p € T'; ; \ J>3. Near p, we have

—_

G(;t*uf%G(;t*ufzf

[\

while G * ue for ¢ & {i,j} is exponentially small in 6¢ near p. Thus, near

14



Figure 4: The behavior of the algorithm at a point p on the smooth interface I'; ; between
two phases 3; and Xj.

p, the coefficients ¢f(z) given by (23) become

00iGst xuf + 00 ;Gse xuf i £ & {i, 5},

if £ =1, (27)
ifl=j

with an error that is exponentially small in 0¢. If the surface tensions o; ;
satisfy the strict triangle inequality, this implies

min { ¢ (z), 0(2) } < ¢} (x) for all ¢ & {i, j}

for x near p. Hence, wetting does not occur: no new phase gets nucleated
along I'; ;. The updated interface I'; ; can then be located by the equation

O',‘JG& * uf(x) ~ O'i,jG(gt * uf(x) (28)

in a neighborhood of p, where once again the error is exponentially small
in 0t. Let n; j(p) denote the unit normal to I'; ; at p, pointing from 3J; into
Y;; see Figure 4. Taking the kernel G4; to be the Gaussian (8) and Taylor
expanding the convolutions as in e.g. [34], we find

1 1 Vot

Gt xug (p +ynij(p) = 5 — NN - 2\/7;"%,3'(10) +0(6t).  (29)

15



. k _ k- . . . .
Using uj = 1 — u; near p, this expansion in (28) yields

Y~ nﬁj(p)ét

which implies that the point p on the interface I'; ; moves by the normal
speed
k
vy (p) ~ ’%’,j(p)
at the end of update (22). In other words, the mobility of interface I'; ;
under update rule (22) is given by

1

Hij =
T Oy

Remark: If on the other hand the surface tensions o;; are positive but
fail to satisfy the triangle inequality, the foregoing discussion is invalid. In
fact, numerical experiments show that in those cases update (24), as well
as its modifications discussed below, can lead to wetting by instantaneously
nucleating a new phase along one of the existing interfaces. If desired,
nucleation can be easily disallowed by restricting the optimization (21) at
a given point x € D to only those phases that are already present in a
neighborhood of x. All essential properties of the algorithm discussed in
subsequent sections remains intact under this modification. [

5.1.3 Algorithm for General Mobilities

To advance the interfaces with more general mobilities, we bring in retarda-
tion terms, to be added to the energy. One (computationally expensive and
thus ultimately undesirable) approach to designing retardation terms is to
use (much as in [2] and [24]) the signed distance function of the grains at
the k-th time step to limit their movement to the (k + 1)-th time step. To
that end, let d¥(x) denote the signed distance function of %¥:

min |z —y| ifzeXk,
ye(xh)e

—min |z —y| if z € (ZF)e
yexk

k3

() =

Consider the retardation function

RF

(2

:= max 7; d¥(x).
(@) = max 5, () (30)

16



The (positive) constants 7; j = 7;; will be specified subsequently. Regardless
of their choice, ]:Zf is a Lipschitz function which is non-positive in Ef and
non-negative elsewhere. More to the point, in a neighborhood of a point
p € I'; ; N Jo, we have

) Figdi (x) = —Figd5(x) if €= j,
Rj(x) = ¢ Fijdt (x) = =7, jd¥ () if 0 =1, (31)
max{;);l,[df<x)7 :?],fd?} if ¢ g {7’7 j}

for all z in that neighborhood. Consider modifying energy (16) at time step
k as follows:

N
5 2 .
k _ Pk
Fs(u1,...,un) = Es(ui,...,un) + 5 El /qui dx. (32)

Note that since the additional terms are linear, convexity properties of (32)
are the same as that of (16). Moreover, we have

! >0 otherwise

and therefore it easily follows from (32) that
Ffi(u) < Fs(u¥) = Bsy(u) < Es(uf).

The linearization of this new energy at u* is
2 .
Lp, (U u) = L, (u*,u) + 5 Z / u; RE da (33)

up to terms constant in u. Minimization of the linear energy (33) over K
leads to the modified thresholding scheme:

Uit o) + = Rt (o) = min (0f(0) + S RE@)).

k+1
ui+ (x) =
0 otherwise.

The corresponding level set function delineating the boundary of Ef“ is
given by

1 - 1 =
£l ) (¢ o)

17



A~s in the previous section, take a point p € I'; ;N J>. Note that (31) implies
Ré? vanishes at I'; ; for all ¢, j,¢. That, together with (27), imply that in a
neighborhood of p we have

Pk . k 1 nk
ij + TR] = Z;éi (Qf)g + mR()

provided that the o; ; satisfy the strict triangle inequality. Therefore,

S VN -V Y 1%)
0, ok + \/{TR] (qﬁl + mRZ
dk (36)

¢J \F%,J z \ﬁ:ym j
Do I A P
~ 2 <O-’L,_] <G5t * U,L- 2) + \/E’Y’L,_]di> .

Specialize Gs; once again to the Gaussian kernel (8). Taylor expanding the
convolution in (36) as in (29), and observing that

(31)

¢l~c

dj(z) = —df (z) = (x — p) - n4,j(p) + O(6t) for |z — p| = O(V3t)  (37)
gives

O (D + yna(p) = \1ﬁ <\/1>Uzj +2%g>y+ fﬁw( )Vt +O(6t)

for y = O(V/dt). Solving for y, we see that the normal speed of the interface
at p is given by
Oi,j
vy (p) = — Kij(p).
(p) 2\/77'%'73'4-01',]' ”( )

T <1 > (38)
o I
’7%] 2ﬁ ,Ui,j 2,]

leads to the desired normal speed

Hence, choosing

v (p) = pijoijki;(p) (39)

with the proviso that p; ; < %j, a condition easily accommodated via rescal-
ing the variable t as t — at, if necessary.

As already mentioned, retardation terms (30) require computing the
signed distance functions to the boundary of the grains at every time step.
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This can be readily accomplished by any one of the efficient redistancing al-
gorithms developed in the level set literature. Nevertheless, computation of
distance functions in a purely thresholding based scheme is costly (compared
to the other steps) from a practical and unappealing from an aesthetic point
of view. It also turns out to be unnecessary: the convolutions computed at
every time step can be used to construct proxies for the distance functions
d¥. Indeed, the level set function \/ﬁ@bf ought to serve as a good proxy for
df near I'; ;, up to a multiplicative factor independent of dt. To that end,
consider replacing the retardation terms Rf’ in energy (32) with ones of the
form

Rf(x) = mj?(%,j\/ai/ff(iﬂ)
j#i

where 7; ; = 7,; once again denote positive constants that will be subse-
quently specified. For x near p, update (35) then becomes

UE = (6 +igul) — (0F +ig0k). (40)
We now hypothesize that the 1¥ generated by update (40) will satisfy

Yk cfjfdf + O(6t)

for all z such that |2 — p| = o(v/dt); we will concurrently verify this form
and determine the C’f,j with an informal calculation. Under this hypothesis,
(40) becomes

1
Pl =2 (a” <G5t sl — ) +Cf; fﬁyz,]d"f) + O(0t).

Utilizing the Taylor expansions (29) & (37) once again, we see

k+1 0y, \/(%
oo+ i) =~ (22 7

Solving for y, we see that the interface moves by normal speed

O-z’]
Kij(p) (41)
oij + 27 /TCE

1

+ 2%,]Ck > —=0ijkij(p) + O(0t).

v (p) =

k+1
U

at the k-th step of the algorithm, and the new level set function satisfies

1 (o
Yt = N <‘\’f3 + 27i,5CF; > i+ 0(5t)
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in a neighborhood of its 0-level set. This means the C* satisfy the simple
recurrence o

k+1 »J k

Cz;_ =—Z 4 27,405,

\/77 J

with the fixed point
Oi,j

V(L =27 5)

that is globally asymptotically stable as long as 7; ; € (0, %) Thus, as long
as 0 < o; i <1, we may choose

Cij =

1
5 (1 = pijoij)

Yij = 5

and by (41) obtain exponential (in time step k) convergence to the desired
normal speed (39).

Putting it all together, and in summary, the proposed algorithm for
general mobilities y; j, corresponding to the normal interfacial speed

v1(p) = pijoijrij(p)

along I'; ; and subject to Herring angle conditions (7), is as follows:

20



Algorithm: Given the initial partition %Y,... %% with %? =

{z : ¢¥Q(x) > 0}, to obtain the the partition S SR at time

)

step t = (0t)(k + 1) from the partition X¥,..., 3k at time t = (6t)k:

1. Form the convolutions:

N
k .
¢7L :G(;t* Elo—i’le? for i = 1,2,...]\7 (42)
j:

where Gg; is the Gaussian (8).

2. Form the retardation functions:

Vot
R} = max N (1 — pijoig) . (43)

3. Form the comparison functions:

Yt = (rggd»f + &Rf) — (¢f + R’-“) L (44)

4. Threshold the comparison functions wf'H:

oitt = {a s @) > 0} (45)

If we define the energy

N

2
k _ pk
Fs,(u1,...,un) = Es(ui,...,un) + = ;_1 /qui dx (46)

we see that the algorithm above consists of the optimization

oo i k
Uk+1 = aIg ATy ﬁF(;ct (u”,u) (47)

where L p (u”,-) denotes the linearization of Ff at u®. And in fact, it can
t

be easily shown that

Fji(u) < Fy(u*) = Egp(u) < Egy(u®), (48)

see proof of Proposition 1. In other words, the presence of the time step-
dependent retardation terms RF in (48) — which were introduced to fix up
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mobilities without modifying angle conditions — does not influence whether
the original interfacial energy Es; in (16) is dissipated or not by an algorithm,
such (42-45), that implements (47).

5.2 Stability of the Algorithm

In this section, we investigate conditions under which Algorithm (42-45)
introduced in Section 5.1 turns out to be unconditionally gradient stable:
under certain assumptions on the surface tension matrix o, it dissipates
energy (46) and thus (13) at every iteration, regardless of the width of the
convolution kernel G (e.g. the time step size dt appearing in the Gaussian
(8)) used in Step (42) of the algorithm. Although the convolution kernel G
is typically taken to be the Gaussian (8), in this section we merely require
it to satisfy the following two conditions: G(x) > 0 for all z, and

G(§) > 0 for all £ (49)

where G denotes the Fourier transform of G. By virtue of (49), we can
define a new kernel g such that

G=g=xg.
First note the following simple general fact:

Lemma 2 Let X be a Hilbert space. Let I C X be a closed, bounded, convex
set. Let F': X — R be Fréchet differentiable, and concave on K. Consider
the following minimization scheme:

T, € arg- grgcl Lr(xg, ) (50)
where Lp(xo,-) denotes the linearization of F at xo € K. Then:
F(z,) < F(x0).
PROOF OF LEMMA 2. By concavity of F, we have
F(zy) < Lp(zg, z4).
By optimality of z, for Lp(zg,-) on K
Lr(xo,zs) < Lp(z0,20) = F(20).

Combining the two inequalities above leads to the desired conclusion. [J
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We will consider surface tension matrices o that are conditionally nega-
tive semi-definite:

N N
o €SN ) 04566 < 0 whenever Y & =0
ij—=1 i=1

In words, these matrices are negative semi-definite as quadratic forms on
(1,1,...,1)*. Lemma 2 implies the following;

Proposition 1 Let the surface tensions matriz ¢ € Sy be conditionally
negative semi-definite. Then, Algorithm (42-45) is unconditionally gradient
stable: each time step dissipates the energy Es; on partitions given in (13),
its relazation given in (16), and its modified relaxation Fs; given in (46).

PROOF OF PROPOSITION 1. Consider the step k of Algorithm (42-45).
The relaxed energy F’ ft at time step k, given in (46), is quadratic, and is

thus easily seen to be Fréchet differentiable on (L2(D))N. The constraint

set K given in (17) is a closed, bounded, convex subset of (LZ(D))N. Take
a point ©? € KC; we have

FE(u) = FE(u — u®) + linear terms in u

= Z oij(u—u");G * (u—u’); dr + linear terms in u
,L‘?j

= E /Ui,j (g * (u — u0)> A(g * (u— u0)> “dx + linear terms in w.
. 7 J
,L?-]

(51)

Since o is conditionally negative semi-definite by hypothesis, and >, (u —
u®); = 0 for u € K, we see that FJ is concave on K. Therefore, Lemma 2
applies to F (ﬁ on K. The linearization of F ft at 1y is

5 N
EFgct(lEk,u) = m/;uz ((bf + Rf) dx (52)

up to terms constant in u; here ¢¥ are as in step (42) of the algorithm, and R¥
are as in step (43). The minimizer of £ Fi on IC is given by 1sk+1 € B where

Yk+1 is as defined in step (45) of the algorithm, since (52) can be minimized
over K by minimizing its integrand at each point x € D independently,
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leading to (45). This establishes that Algorithm (42-45) dissipates energy
(46) at every time step.
Next, note that by (43) and (45) the retardation terms satisfy

R (x) >0 ifz e (35
i\
’ <0 ifrexh

Therefore,
N N
Z/lEkadx < Z/uind:c
=1 =1

for any u € B. Since FL(XF1) < FE($F), this means
Est(1gr) < Est(1sr).

Thus, Algorithm (42-45) dissipates energy (16), and equivalently (13), at
every time step. [

We now explore conditions under which the matrix of surface tensions
0;; is conditionally negative semi-definite, so that Proposition 1 applies.
These matrices turn out to be extensively studied in various contexts, so we
quote a number of standard results. Here is an outline of the discussion to
follow:

e Triangle inequality by itself is neither necessary nor sufficient to guar-
antee that a o € Sy is conditionally negative semi-definite. However,
a necessary condition turns out to be that the matrix ,/o;; satisfy
the triangle inequality. An example of a conditionally negative semi-
definite o violating the triangle inequality (i.e. o ¢ Ty) is discussed
in Section 6.

e Conditional negative semi-definiteness of an IV x N matrix ¢ turns out
to be connected to embeddability of finite metric spaces: According
to [37], a matrix o; ; is conditionally negative semi-definite if and only
if there exist points pi,...,pny € RM for some M such that O =
Ipi —pj|3. In words, the matrix o should arise as the matrix of squared
distances for a finite metric space embeddable into the Euclidean space
2(RM) for some M.

In the same vein, it turns out that if o, ; = |p; — pj|1 for some points
p1s.-..pn € RM for some M, then o is conditionally negative semi-
definite. In words, a sufficient condition is that o arise as the matrix
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of distances for a finite metric space that is embeddable into £!(RM)
for some M. This is a large subset of Ty and has a neat interpretation
from the point of view of numerical methods.

e A well-known model of how surface tensions arise due to dislocations
in a simple cubic lattice was proposed by Read & Shockley in [32].
There, the surface tension of the interface between two neighboring
grains is shown to have a functional dependence of a certain form on
the misorientation between the two grains on either side. It turns
out that when the crystallographic orientations of the grains differ
from each other by rotations about a fixed axis (sometimes called the
fiber-texture, or the 2D crystallography setting), all surface tensions
models broadly resembling that of Read & Shockley, when taken to-
gether with a high-angle saturation assumption [19], are conditionally
negative semi-definite. This is shown in Theorem 1.

More realistically (i.e. in the so-called 3D crystallography case), when
the orientations of the grains in the network differ from each other by
arbitrary rotations about arbitrary axis, we can use the very specific
functional dependence (see formula (60)) of surface tension on the
misorientation angle that is widely accepted and used in materials
science literature to still show that the resulting surface tension matrix
is conditionally negative semi-definite. This is shown in Theorem 2.
Thus, algorithms (23-24) and the more general (42-45) proposed in
this paper are unconditionally gradient stable for the important class
of Read & Shockley grain models.

e There are many studies in materials science that describe deviations
from Read-Shockley type surface tensions, e.g. [7]. It is therefore
of interest to at least find a variant of Algorithm (42-45) that can
be guaranteed to dissipate energy (13) for as wide a class of surface
tensions as possible. It turns out that a Gauss-Seidel version of (42-
45) can be devised that is guaranteed to dissipate (13) for all triangle
inequality satisfying surface tensions. This algorithm is described and
its properties established in Proposition 2.

We now explain these points in detail. The terminology and basic facts
relating to embeddability of finite metric spaces are taken from [4].

Any triangle inequality satisfying set of surface tensions o;; defines a
metric on the finite set of N elements {p1,...,pn}:

d(pi,pj) = 0ij
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Given a set of NV points, a metric d on this set of points is called a cut-metric
if it has the following form:

0 ifieSandjeSs,
ds(pi,pj) =40 ifie S¢and j€ S°,

1 otherwise

for some S C {1,2,..., N}. We write dg to denote the cut-metric associated
with the set of indices S. The following turns out to be a standard fact [8,
Proposition 4.2.2]:

Fact 1 A metric d on the set of N points {p1,...,pn} is embeddable into
L RMY for some M if and only if d is a positive sum of cut-metrics:

k

where a, >0 and Sy, C {1,2,...,N}.

The next claim follows easily from this, and gives another partial char-
acterization of surface tensions that Proposition 1 applies to.

Corollary 1 Let o € Ty. If 0, can be embedded into (*(RM) for some
M when viewed as pairwise distances on a finite set of N elements, then o
defines a negative form on (1,1,...,1)% C RN. Therefore, Algorithm (42-
45) is unconditionally gradient stable for such a choice of surface tensions:
it dissipates energies (13), (16), and (32).

PROOF OF cLAIM 1. By Fact 1, it is sufficient to establish negativity of
o € Ty of the form

0 ifieSandjes,
0,5 =40 if i€ S°and j € 5

1 otherwise,

where S € {1,2,...,N}. Let £ € (1,1,...,1)* ¢ RN, We have

Y a=-> ¢

1€5¢ €S
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Therefore,

D oiGii=2) &k
inj

icS
jese

=2) &) &
€S  jese

-2(2e) ().

The last expression above is concave in ) ;¢ &; and therefore also in &. [

Remark: Corollary 1 covers a large subset of triangle inequality satisfying
surface tensions 7Tn. A much smaller subset of this class are the additive
surface tensions: these are of the form

0ij =0+ 0; for i # j (53)

where o; are arbitrary positive constants. The resulting surface tension
matrix o; ; is easily seen to be conditionally negative definite, so additive
surface tensions constitute a special case of the surface tensions covered by
Corollary 1. The corresponding surface energies are the subset of energies
of the form (2) that can be written as a positive sum of perimeters of the
phases ¥1,..., XN

E=) oPer(%). (54)

Energy (2) cannot always be put in form (54), since the number of degrees
of freedom in (54) is merely N versus the N-choose-2 degrees of freedom in
(2). When N = 3, any triangle inequality satisfying set of surface tensions is
additive. For N > 4, this is no longer the case, and the class of surface ten-
sions covered by Corollary 1 is a much larger subset of all triangle inequality
satisfying surface tensions than (53). Indeed, this larger class corresponds
to surface energies (2) that can be written as

E = Z ogPer (U Ei>
SC{1,2,...,N} €S

where S C {1,2,..., N} and og are arbitrary positive constants. In words,
these are energies that can be written as a positive sum of perimeters of
arbitrary unions of the phases ¥1,..., 2.
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A number of earlier, well-known numerical algorithms for (2), such as
[41], are restricted to the very small class of additive energies (54). The
interesting recent approach of [35, 36] also appears to be restricted to this
very special case. [

Examples of non-¢! embeddable metrics can be found in e.g. [8]. They
are good candidates for ¢ € Sy that possibly might not be conditionally
negative semi-definite. It turns out that when N < 4, all metrics are ¢
embeddable (and thus such a o;; is conditionally negative semi-definite),
see e.g. [4]. So the simplest example of a grain boundary model for which
Proposition 1 potentially does not apply contains 5 phases. The fact that
any o;; € Ty with NV < 4 is conditionally negative semi-definite appears
previously also in [17].

Example: Consider the matrix

Q@ Q2 Q

Q Q| O o
L QO >
SOl @ 9

b
0
In order for o7 ; (a,b) to satisfy the triangle inequality, we must have

a,b >0 and max{a,b} < 2min{a,b}.

Ifbe (%a, 2a), then o*(a, b) is non-¢' embeddable, as it then fails to satisfy
a pentagon inequality, see e.g. [4]. It turns out that this is not sufficient for
o*(a,b) to violate negativity on (1,1,...,1)*. Indeed, we have, for example:

1. ¢*(1,1.6) is non-¢' embeddable, but conditionally negative definite,
and

2. 0*(1,1.8) is not conditionally negative semi-definite.

Thus, 0*(1,1.8) is an example of triangle inequality satisfying set of surface
tensions that falls outside the scope of Proposition 1. In fact, approximate
energy (16) is not quasi-concave (i.e. not all its super-level sets are convex)
on the constraint set K for this 0. A direction of positivity for the corre-
sponding quadratic form is (—2,—2,—2,3,3), which corresponds to phases
4 and 5 growing simultaneously at the expense of phases 1, 2, and 3. The
situation is summarized in Figure 5. UJ

As the foregoing discussion shows, we are unable to establish that Al-
gorithm (42-45) dissipates energy (13) for all triangle inequality satisfying
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(*-embeddable o; ;

(?-embeddable
NN

E; additive on unions

Concave E;

Figure 5: ¢'-embeddable metrics constitute a strict subset of the surface tensions that
are covered by Proposition 1.

surface tensions; instead, we gave some partial results in this direction. Now,
we add another special case to the class of surface tensions for which (42-45)
can be shown to be dissipative: Read-Shockley surface tensions.

In 2D crystallography, the orientation of a simple cubic lattice can be
described by a single parameter: the angle 6 of clockwise rotation about the
origin that maps it back to the standard lattice Z2. Due to symmetries, one
can take ¢ € [—7, 7] with the two ends of that interval identified. In the
well known work [32], Read and Shockley described a model for the grain
boundary formed between two planar (or columnar in 3D) grains with cubic
lattices. They obtained an expression for the surface tension (energy per
unit area) of the grain boundary as a function of the misorientation angle
between the two lattices, under the proviso that the said angle is small.
Together with a high angle saturation assumption [19], the surface tension
o0;,; of the interface between two grains with orientations 6; and 6; has the
form

where f:RT — R satisfies

1. f€0([0,00)) N C2((0,00)) and lim £2f'(¢) =0,

[\

. f(0) =0 and f(&§) > 0 for all &,

w

. f1(€) >0 forall £>0,
4. (&) <0 for all £ > 0.
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olu I I I I I
-15 -1 -0.5 0 0.5 1 15

Figure 6: According to Read & Shockley [32], the typical dependence on the misorien-
tation angle 0 = mingez |0; — 0; + k7 /2| of the surface tension o; ;(0) associated with a
grain boundary formed between two planar grains with cubic lattices.

Theorem 1 Let the surface tensions o;; arise from the Read € Shockley
law for 2D crystallography. Then the o;; satisfy the triangle inequality.
Moreover, as a quadratic form, o;; is conditionally negative semi-definite.
Algorithm (42-45) is thus unconditionally gradient stable for Read € Shock-
ley type grain boundary models for 2D crystallography.

PROOF OF THEOREM 1. First, let
™
d; i =min |0; — 0, + k—|.
Y ke I J 2

The d; j € [0, 7/4] are shortest distances among points on the circle [—7 /2, 7/2],
and therefore satisfy the triangle inequality. Take three distinct indices
i,j,k € {1,2,...,N}. With no loss of generality, assume that d; ; > d;.
Then:

fdig+djx) < fdij)+ f'(dij)dj
by the concavity of f. Also,
F(di)djn < f'(djx)djr
and

dj’k
F(dy) = /0 FE)de > f(dyp)d e
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Together, these mean

fdij + djk) < f(diy) + f(dj)-
Since f is increasing,
fdij+djr) > f(di)
by the triangle inequality d; x < d;; + d;x. The last two inequalities now

imply
f(dig) < f(dig) + fdjg),

which establishes the triangle inequality for the o; ;.
Define the quadratic form

w/4 /4
W= [ te-u@udyds
w/4J—m/4

where f and u are extended periodically to R with period 5. Taking u(f) =
> &6(0 —0;), we get
u) = 06
ihj

Thus, it is sufficient to check that Q(u) < 0 for all u with [ud¢ =
Expressing Q(u) via the Fourier transform gives:

:Zﬁ’§n|2

Therefore, it is in fact sufficient to check that fn < 0 for all n # 0. Moreover,
since f is even, it suffices to consider the cosine terms. We have

-z f //44 £(6) cos(tng) dg =~ Tim. / £1(€) sin(4n€) de
_ 47112 lim ( F(r/4) = f(€) cos(dne) — / " F7(€) cos(4ne) dg)
< ( i)~ @ eostane) ~ [ e dg)
- ﬁagr@ ( F'(r/4) + () (1~ cos(ane)))
_ # (— Fl(n/4) <
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where we integrated by parts twice, and used the monotonicity, concavity,
and behavior at 0 of f. O

We now turn to the Read & Shockley model for 3D crystallography, as
described in [19]. A grain in 3D with a simple cubic crystal lattice can
be described (non-uniquely) by a matrix g € SO(3), i.e. by an orthogonal
matrix with determinant 41 describing the rotation required to obtain the
lattice of the grain from the standard integer lattice in R3. Any matrix
g € SO(3) can be described as a rotation by an angle § € [0, 7] about an
axis v € S?. The rotation angle can be easily expressed as

0(g) = arccos <trace(29)_1> , (55)

whereas the axis v is the eigenvector of g corresponding to the eigenvalue 1.
The sign of v is chosen so that the rotation angle is in the range [0, 7]. When
0 = m, the two possible axis of rotation, namely +wv, are identified with one
another. SO(3) is thus equivalent to the unit ball in R? the antipodal points
on the surface of which have been identified.

The misorientation matrix between two grains with orientations g; and
g; is then given by gigj_1 = ging. In [19], it is assumed that the surface
tension o; ; of the interface I'; ; between the two grains depends only on the
corresponding angle of the rotation ging, not on the axis. In calculating the
angle of the rotation between g; and g;, symmetries of the cubic lattice have
to be taken into account. Let O denote the octahedral group (of symmetries
of the cube in 3D), which has 24 elements and is generated by two of them:
right handed 90° rotations about any two of the three coordinate axis i, j,
and k. Note that

H(T)Zgifref)andr#ld. (56)
Define the minimal angle of rotation 6p(g) of a g € SO(3) as
bo(g) = min 6(rg). (57)

The misorientation angle between g; and g; is defined to be

0i; =00 (g9} ) (58)
and the corresponding surface tension o; ; is given by
0ij = f(0i;) (59)

where f is a function conforming to the properties listed previously in the
2D crystallography setting on page 29. In the 3D crystallography setting,
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we will in fact need to be more precise about the function f. As in [32, 19],
we focus on the specific choice

R

where 6, is a critical misorientation value. It denotes the rotation angle
beyond which the surface tension saturates and, according to [19], has been
experimentally determined to lie somewhere between 10° and 30°.

Theorem 2 Let the surface tension matriz o arise from the Read & Shock-
ley law for 3D crystallography, given according to (58) & (59) where f sat-
isfies conditions listed on page 29. Then, o satisfies the triangle inequality.
Assume further that f is given by the specific form (60) and that the crit-
ical misorientation angle 6, in (60) satisfies 0, < % = 45°. Then, o is
conditionally negative semi-definite. Therefore, Algorithm (42-45) is un-
conditionally gradient stable for the Read & Shockley grain boundary model
for 3D crystallography.

PROOF OF THEOREM 2. Let us first establish the triangle inequality.
For any three unit vectors v1, v2, and v in R3, using the triangle inequality
for the geodesic distance on S? we have:

arccos(vy - v3) < arccos(vy - v2) + arccos(vs - v3). (61)

Moreover, the angle of rotation 6(g) € [0, 7] of a rotation matrix g, given by
formula (55), can be characterized as

0(g) = max arccos(v - gv). (62)
£

Combining these two, one gets
0(g192) < 6(g1) + 0(g2) for any g1, g2 € SO(3). (63)

Given now g;, g;, and g in SO(3), we have

(58)

0i = min 0(rgigi ) = , min 0 (ram (9i9; ) (g591))
D win_0((r1gi97) (9597 2))
r1,r2€0 (64)
((E) min (G(T gl 0(g;gt
T ori1,re€0 199, ) + (g]gk TQ))
(55),(58)

= " 0ij+ 0k
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The triangle inequality for the corresponding surface tensions o; ; = f(6; ;)
then follows as in the proof of Theorem 1 from the properties of the function
f listed on page 29.

Turning to conditional negative semi-definiteness of o, we will use a
couple of rudimentary facts from the representation theory of SO(3); see
e.g. [9] or [40]. The notation below follows Chapter 14.4 of [9].

Define the function h : SO(3) — R as

M) = f ( (”f”)) — 1(619)). (63)

We now argue that if 6, < %, we have
Z h(Tlgi(ngj)T) = 24(0’1‘7j + 23). (66)
r1,ro€0
To see this, consider two cases:

Case 1: QO(ging) <7
By (57), this means there is 7, € O such that Q(T*gig]T) <% . IfreOand
r # 14, then

rort # 1d = G(T*TT) > g
by (56), and by the triangle inequality (63)
0(rrl) < 0(r(gig])) +0((9ig;)rT)
® 0(r(gig])) + 0(r(gig]))
which means

—0

—~

G(Tgl-ng) > 0(rr r*ging)

v

.u\ﬁij

NS

T
2
By (57) and (58), this implies

i = H(T*gz‘ng)
and thus by (59),

h(r*gigjr) =0
Therefore, and since f(0) =1 for 6 > 7 > 6,

if 71 = rors

o
h(r1gi(r2g;)") = h(ryrigigl ) = "7 .
1 otherwise
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leading to (66).
Case 2: 0o(gig] ) > §
In this case H(TgngT

i
) > 7§ for all » € O, so (66) follows immediately from
the definition (65) of h an

d the fact that f(0) =1 for 6 > 7.

Having established (66), next we define the following function u on SO(3):
9) =Y _&dy(9), (67)

where d4(-) denotes the delta function centered at a point g € SO(3). By
(66), for any ¢ € (1,1,...,1)* we have

Z‘h,]&@ 6—_6 24 Z Zh T19i T29] g’bgj

7’1,7’26(’) 1,7

(67) T
= 24 > /50(3) /SO(g)h(hgl(mm) Ju(g1)u(g2) dgi dga

r1, ’I”QEO
1 / / T T T
= h(g19 Eurg Eurm dgy dgs.
24 Jso(3) Jso) ( ! 2) (re(’) o) re® ( :

Here, dg; and dgy denote the left (as well as right) invariant measure of unit
mass (i.e the Haar measure) on SO(3). It is therefore sufficient to show that
the quadratic form

Qu) = /S » /S o Mg (a1 )u) doy o (68)

defined on functions u : SO(3) — R, is conditionally negative semi-definite.
Let o™ denote the representation of SO(3) of weight m; this is an (2m +
1) x (2m + 1) unitary matrix valued function on SO(3). The convolution
defining the quadratic form () can be expressed as

Q(u) = Z(2m—l—1)trace< AR (Gm)* ) (69)

m

where " denotes the “Fourier transform”, i.e.
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for a function ¢ : SO(3) — R, with the inversion formula
b(g) = Z(Qm + l)trace(ggmom(g)).

See [9, p. 256].

Next, note that since A depends only on the angle of rotation of a matrix
g, it is a class function, and therefore can be expanded in terms of the
characters ch,, = trace(o™) of the representations 0™; it turns out these
have a simple explicit expression [9, p. 259]

sin (M9(9)>
chmlo) = sin (29(29)>

(71)

and are thus class functions themselves. As a consequence, h;”j = 0 ; for
some scalars a,,. Consequently, (69) becomes

Qu) = (2m+ L)om, Y _ [ay[*.

m 4,3

Therefore, it is sufficient to show that a,, < 0 for all m > 1. They are given
by

1
= ST g 16 B (9) o
. (2m+1)

1 ™ sm( 2 0)1—C089

= 0 df (by [9, p. 260
2m+11/0fi> Y e

= 7r(2m+1)/0 f(&)(cos(m@)—cos ((m+1)0)>d0
. 1 T sin(mf)  sin ((m+1)0)
—w@m“)/()f(@)( m m 1 )d(’

where we integrated by parts at the last step. Define the function ¥ (m) for
m >0 as

w(m) = /Oﬂ f/(e)snl(n:@ do = —/Oﬂ- f”(e)w do

mQ
1 mbs 1—
_ / cos(t) .

(73)

36



where we substituted in the specific form (60) of f. Using (73) in (72), we
can express v, as

1

=y (1) — ). (74)

Om

We’ll show that v is a decreasing function for m > 0. First, compute

W (m) = m; 7 ([1 ~ cos(mfy)] - 2 / e 1—205@ dt> . (75)

0

We'll show that ¢'(m) < 0 for all m > 0. To that end, consider the function

11— t
é(x) = [1 — cos(z)] — 2 / (;OS() dt. (76)
0
It is sufficient to show that ¢(x) < 0 only for = € [0, 7| since the integral
in (76) is an increasing function of z and the term 1 — cos(x) reaches its
maximum at x = 7. Taylor expanding, we get

o0

_ n (TL — 1) n

When z € [0, 7], the ratio between magnitudes of the (n + 1)-th and the
n-th terms in this alternating series is
2.2 92

ne < tforalln>2
— or all n .
(n?2—=1)(2n+1)(2n+2) — 45 -

Therefore, ¢p(z) < 0 for all € [0,7]. The foregoing discussion shows that
this implies «;,, < 0 for all m > 1, establishing the conditional negative
semi-definiteness of o; ;. [

5.3 Minimizing Movements Interpretation

In Section 5.1, we exhibited Algorithms (23-24) and (42-45) as resulting
from the simple, iterative optimization technique of repeatedly minimizing
the linearization of the cost function over the constraint set. It is also
possible to interpret them as implementing minimizing movements (as in
e.g. (2, 24]) on the energy Ej given in (16).

Indeed, it turns out that

Esi(u) — Esi(u — uk) = Lg,, (uk, u)
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up to terms constant in w. Thus, minimizing EE&(uk,u), as Algorithm
(23-24) does at the k-th time step, is equivalent to one step of minimizing
movements for Es; (u) with —FEs(u — u*) as the movement limiting term.
Note that when FEg(-) is concave, as in the numerous cases identified in
Section 5.2, the movement limiting term — Fs;(u — uk) is convex and there-
fore achieves its minimum value of 0 at u = u*, as it should, ensuring the
dissipation of Eg at every step; this observation constitutes an alternative
proof of the unconditional stability of Algorithm (23-24). The connection
between —Ejs;(u — ug) and the classical movement limiting term in [2, 24],

namely
1

— dye|d 7
5L s (77

where dy denotes the signed distance function to ¥¥, can be motivated by
considering the two-phase case where Z’f and E’g are half spaces

Sh={z:2,<0}and 5 = {z : 2, >0}

on the periodic domain D = [—%, %)d and ¥; is obtained from E]f by moving
0%} in the normal direction by §:

Y1 ={x: 21 <0} and Xy ={x : 1 >}

Observe that in this case

1 162141
— dsw|dr = — )
i o el = 52 (73

Since we expect § = O(dt) in a single step of Algorithm (23-24) wherever
grain boundaries are smooth, we have § < /6t which for the Gaussian
kernel (8) implies

—Est(1y, — 1ge, 1s, — 1gy)

2012
-2 (15 = g ) Gor # (13, = 1yy) o

= 2\(;(%2 i [G&/Z * (121 — 1211@)}2 dx
L2 1

~ 2Ui[/d—l 627
m —L/2 27T(5t)
B 019 62Ld—1

6t Jm

(79)

=300 gy
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Results of Section 7 indeed show that when the convolution kernel is the
Gaussian (8) we have
2
Esi(S1,5s) - %(Per(El) + Per(22)> = i‘/l;Per(El).
We thus see from (78) & (79) that —Es,(u — u*, v — v*) plays precisely the
role of the movement limiter (77). This also explains why Algorithm (23-24)
leads to the very specific mobilities p; ; = %

In the case of Algorithm (42-45) for general mobilities, we have

N
Esi(u) + <—E5t(u —uk) + Z/quf dm) = Lp, (uF,u) (80)
i=1

up to terms constant in u, so that minimizing Epét(uk,u) at the k-th time
step is equivalent to carrying out one step of minimizing movements for Fg;,
this time with the movement limiting term given in parenthesis in (80). Note
that each one of the additional terms f uin dx acts to limit movement, as
it achieves its minimum value at u; = uf as was noted previously in Section
5.2. There, interpretation of the Rf in terms of the distance function was
also already given.

5.4 A Gauss-Seidel Version

In this epilogue to Section 5, we describe a slightly more costly version of
Algorithm (42-45) that can be guaranteed to dissipate energy (13) for all
triangle inequality satisfying surface tensions o € Ty. It differs from Algo-
rithm (42-45) in computing the convolutions of the phases more frequently.
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Algorithm: Given the initial partition ¥° with X = {z : ¢?(z) > 0}, ob-

(]

tain the partition ©**1 at time step t = (6t)(k + 1) from the partition ¥* at

time ¢ = (8¢)k using N inner steps X¥¢, with £ =0,1,...,N -1, £F° = 53k,
k,N=1 _ sk+1

and X =X

Obtain 2541 from Y% as follows:
1. Form the convolutions:

N
y4
ot =Gy x [ D oiglgee | - (81)
j=1 ’

2. Form the retardation functions:

k.l 1 k.l
Ri = r;l;izx 5 (1 - ui,jai,j) ¢j . (82)

3. Form the comparison functions

k41
P =

max {uf, (mings o+ By — (o8 + RP) ) ifiA e+,
min {wf’e, (minj?gi qﬁ?’z + R?’Z) — ((ﬁf’z + Rf’z> } ifi =¢0+1.

(83)
4. Threshold the comparison functions d}f L
skt {x L () > o}. (84)

In words, at the ¢-th inner step of Algorithm (81-84), only those points
belonging to phase £+ 1 are updated, in the sense that they are potentially
assigned to one of the other N — 1 phases. Immediately thereafter, all
convolutions and retardation terms are refreshed. If the convolutions and
retardation terms are refreshed per time step as opposed to per inner step,
Algorithm (81-84) reduces to Algorithm (42-45) of Section 5.1.3.

Roughly speaking, the behavior of Algorithm (81-84) near a point p €
I;; \ J>3 (i.e. on a smooth interface between two phases, away from junc-
tions) is the same as that of Algorithm (42-45). Indeed, it is reasonable
to expect that if the normal speed of I'; ; is non-zero near p, then the par-
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tition and the relevant retardation functions are updated near p either at
inner step £ = ¢ or inner step £ = j, but not at both, and certainly not at
any ¢ ¢ {i,j}. But then Algorithm (81-84) agrees with Algorithm (42-45).
Thus, the formal consistency argument offered for Algorithm (42-45) in Sec-
tion 5.1.3 applies here as well. As for the stability of Algorithm (81-84), we
have the following:

Proposition 2 Algorithm (81-84) is unconditionally gradient stable for all
o € Tn: It dissipates energy (13) for all time step sizes ot > 0.

PROOF OF PROPOSITION 2. At each time step, the ¢-th inner step of
the algorithm replaces some of the points belonging to phase £ + 1 with the
rest. It is therefore sufficient to show that replacing phase 1 with phases
2,3,..., N as the algorithm does decreases the energy. Such a perturbation
can be written as

ui(x,t) = ur(z) =ty ¢i(z) ifi=1,
o ui(z) + tgi(z) otherwise.

where ¢;(z) > 0 for all z and i =2,3,...,N.
Energy (16) turns out to be concave along such perturbation directions
as long as o € Ty:

2 d d
PTERC Z%/ (G‘”* dt Z) (G‘”* dt ]> e

d d
:2201*7]-/ <G5t* 7 ,) <G5t>x< dtuj> dx

1<)
N
= _ 22017j/ Zd)l *x Gt (gbj *G&) dx
=2 i#1
42 oy [ (604 Gor) (6% Gr) o
1<i<y
=—2A+2B

where

A= o1, [ (0% Gar) (6% G
i
B = Z 0ij / i * G(;t % G[;t) dx.

1<i<y
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Looking at these terms separately, we have

A = ZJLZ. | i G&H%2 + Z o1, / <¢z‘ * G(St) <¢j * G(St) dx

1<i<j

=+ Z 017]'/ (qbl- * G5t> (gbj * G5t> dx.

1<j<i

Looking at B, using the triangle inequality

03 <01+ 015

and the fact
(gbi * G(;t> () >0 for all z and i # 1,

we get
B2 S o [ (00Gur) (05:Gar) dot 3 on [ (601Gin) (655G ) do
1<i<j 1<i<j

Putting A and B together gives

d2
@Eét(u(t)) < —QZal,i i * G| -

Thus, Es; is concave in the perturbation directions that arise in Algorithm
(81-84). The algorithm seeks a minimum of the linearization of Eg in the
space of these directions; therefore, by Lemma 2, decreases the energy at
every time step. [

6 Numerical Evidence

This section presents a variety of numerical tests of Algorithm (42-45) from
Section 5. There are two types of test: 1. Classical numerical convergence
studies for short time evolution (during which topological changes do not
take place) starting from an initial condition with triple junctions formed
by the meeting of smooth curves, and 2. Challenging configurations that
involve topological changes, multiple junctions, non-embeddable surface ten-
sions, wetting, and nucleation.

(i) Comparisons with Front Tracking

In the absence of topological changes, and when starting from a smooth
initial condition consisting only of triple junctions, a very appropriate and
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efficient algorithm for computing the curvature flow (5) & (7) is front track-
ing (see e.g. [6]), especially in the plane.

The initial condition in this set of experiments is shown in Figure 7 as
the blue curve. It is evolved under dynamics (5) & (7) with surface tensions
given by 012 = 013 = 1 and 023 = V2. The corresponding junction
angles are (01,62,03) = (90°,135°,135°). The final configuration at time
t = 0.0107, computed using Algorithm (42-45) of Section 5 on a 3200 x 3200
grid, is shown as the red curve. The same configuration computed via front
tracking is shown as the black curve. The table below shows the error as
measured in the Hausdorff distance between the boundary 0¥ of phase
computed using front tracking vs. the proposed algorithm. All mobilities
were f; ;= 1.

# Time steps | # Grid points | Hausdorff dist. | Conv. rate
8 100 x 100 0.0678 -
16 200 x 200 0.0339 1.00
32 400 x 400 0.0174 0.962
64 800 x 800 0.0082 1.09
128 1600 x 1600 0.0040 1.04
256 3200 x 3200 0.0018 1.15

The same initial condition (blue curve in Figure 7) was used for testing
Algorithm (42-45) with surface tensions o9 = %, 13 = %, and op3 = 1.
The corresponding junction angles are (61,62, 63) ~ (138.6°,97.18°,124.2°).
The table below shows the error in phase 1, once again as measured in
the Hausdorff distance between the front tracking solution and the solution

obtained from Algorithm (42-45). All mobilities were y; j = 1.

# Time steps | # Grid points | Hausdorff dist. | Conv. rate
8 100 x 100 0.0806 -
16 200 x 200 0.0392 1.04
32 400 x 400 0.0185 1.08
64 800 x 800 0.0092 1.01
128 1600 x 1600 0.0044 1.06
256 3200 x 3200 0.0019 1.21

(ii) Comparisons with Exact Solutions

A well-known exact solution of dynamics (5) & (7) is the grim-reaper solution
[16]. Here, two of the interfaces are travelling waves moving with constant
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Figure 7: Blue curve shows the initial condition. Red curve shows the result of dynamics
(5) & (7) computed using the proposed threshold dynamics algorithm of Section 5, with a
(90°, 135°, 135°) angle condition at the triple junction and all mobilities u; ; = 1. Black
curve shows the same dynamics computed using front tracking.

vertical speed, while the third remains a line segment; see Figure 8. We will
consider the following asymmetric case:

V2
0 1 1+v/3
1+V3
V2 2 0
1+V3  1+V3

and the HlOblhtleS are given by
all .
pi12 = 41,3 H2,3 NG

The corresponding angles at the junction are (135°,150°,75°). The two
interfaces I'; 3 and I'y 3 are then graphs of functions fi3(x,t) : [0, %] —+ R
and fa3(x,t) : [, 1] — R that move by vertical translation:

872
Fus(at) = % log <cos (2;%)) _ mt,
3 1 4r(1 — 23;))) B 3(2\/%

fos(x,t) = & log <2 cos ( 3 = \/3)
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The interfaces satisfy the natural boundary condition of 90° intersection
with the boundary of the domain [0,3] x [-3,0] (i.e. 8,f1,3(0,t) = 0 and
Oy f2’3(%, t) = 0). Numerically, the initial configuration is extended evenly to
[0,1] x [-1, 0] by reflection, which is then computed with periodic boundary
conditions using Algorithm (42-45).

The L* error between the computed and exact fi3 & fo3 at time
t = 0.096 is shown in the table below. Figure 8 shows the initial condi-
tion, the computed solution, and the exact solution in black, blue, and red,
respectively.

# Time steps | # Grid points | L* error | Conv. rate
192 100 x 100 0.0381 -
384 200 x 200 0.0211 0.85
768 400 x 400 0.0104 1.02
1536 800 x 800 0.0061 0.77
3072 1600 x 1600 0.0029 1.07

23 ]

> 25

Figure 8: Numerical convergence test against an exact, travelling wave solution. The
initial condition is the configuration of black curves. The blue curves are the computed
solution (on a 1600 x 1600 grid) and the red ones are the exact solution, at time ¢ = 0.096.
The angles at the junction are (135°,150°,75°).

(iii) Topological Change
Here we test the algorithm on a solution that goes through a topological
change that is well understood. The initial condition is of “grim reaper”

45



type, described previously in example (ii). Hence, the exact form of the
solution (which serves as the benchmark) is known until the moment of
topological change. At that critical time, two triple junctions collide, and
by all accounts ought to split off immediately in a particular manner: As
shown in Figure 9, the two junctions travelling towards each other vertically
before the critical time should split off into two new junctions travelling hori-
zontally away from each other immediately after the collision, forming a new
horizontal interface between them. Beyond the critical time, we compute
the benchmark solution using front tracking based on this expectation.
Define the profile

o(x) = %log (cos(mv)).

The initial configuration is as follows:

= {en v<g-o(3-le-)}.

. 11 3
22:{(%1/) : x<4and4—gb(x)<y<4+¢(x)},
Zg:{(fv,y) : x>iandi—¢)(x)<y<i+¢)(:c)},
EZz{(m,y) : y>i+¢<i— x—i])}

The surface tension matrix is
1 1
0 V2
V2 0
1 1

— = = O
O~ =) =

so that triple junctions of type (31, X9, 33) and (39, X3, 34) before the topo-
logical change have angles (90°, 135°,135°) and (135°, 135°, 90°) respectively,
and triple junctions of type (21,39, %4) and (31, X3, 34) after the topolog-
ical change have angles (120°,120°,120°). All mobilities were taken to be
Wi = % in this example, so that all interfaces move with normal speed k.

(iv) Wetting
Triangle inequality (3) is not necessary for Algorithm (42-45) to dissi-
pate the approximate energy (13), which presumably converges to the lower

semicontinuous envelope of (2) when o ¢ Ty. Numerical experiments show
that in these wetting cases, the algorithm can instantaneously nucleate a
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Figure 9: Comparison with front tracking on an example involving a topological change
that is well understood. Two junctions collide, and then split off along an orthogonal
path. Angles at the junction change from (90°,135°,135°) to (120°,120°,120°) before
and after the topological event. Solution generated by Algorithm (42-45) is in black.

new phase along the boundary between two others, as might be expected.
Figure 10 shows the evolution in a four phase setting, starting from an initial
configuration containing phases 1, Yo, and Y3 only. The surface tensions
are given by

(85)

Q
= =l O
= = O jw
_— O = =
O ool

violating the triangle inequality: 014+ 024 =1 < % = 012. Nevertheless, it
turns out that o is conditionally negative semi-definite. Therefore, Corollary
1 applies, showing that Algorithm (42-45) is unconditionally gradient stable
for this ill-posed set of surface tensions.

The 3 x 3 submatrix o01.:3,1:3 of (85) corresponding to the three phases
present in the initial condition satisfies the triangle inequality. However,
the algorithm is aware of the possibility of a fourth phase, and chooses to
immediately nucleate a thin layer of it along the interface I's 3, as can be
seen in Figure 10. This thin layer of phase 4 remains between phases 1 and
2 throughout the evolution. Its thickness appears to depend on the time
step size and scale as V/dt.
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The presence of a thin wetting layer of phase 4 between phases 1 and 2
reduces the effective cost of a transition between phase 1 and phase 2 down
to 014+ 0924 =1 from 019 = % We would therefore expect the resulting
dynamics to approximate flow with the surface tension matrix

Oeffective = (86)

N = O =
O NN

1
1
0
1

= = = O

Indeed, Figure 11 compares the effective three-phase flow (with only phases
1, 2, and 3 present) computed using (86) versus the four-phase flow com-
puted using the ill-posed set of surface tensions (85); it shows that the results
are in fact very close. In other words, Algorithm (42-45) appears to capture
the dynamics for the relaxation of model (2) when the model is ill-posed due
to violation of the triangle inequality. Figure 11 also compares the computed
dynamics with what the result would have been in the absence of a wetting
layer, i.e. three-phase flow with surface tensions given by o1.3 1.3 in (85).

As pointed out in Section 5.1, nucleation can be prevented, if desired,
without sacrificing the useful properties discussed in Section 5.2. Wetting
would then take place only when phase 4 is present in the initial data and
comes in contact with I'; o at some point during the evolution.

(v) Nucleation

If the surface tension matrix o satisfies the triangle inequality (3) (i.e.
o € Tn), wetting cannot occur. However, nucleation can still take place at
junctions for certain ¢ € Ty. An example is the four-phase system with
surface tension matrix

0 1 1 J+4e
1 0 1 $+e
o(e) = 1 (87)
11 11 10 2+
s5te 5+e 5+¢ 0

which happens to be one of the several types of polyphase grain structures
considered in [7]. We see that o(¢) € 74 for € (0, 3), since then all surface
tensions are within a factor of 2 of each other; hence, the model is well-posed

and no wetting along a smooth interface I'; ; can take place. Nevertheless,

2—V3
4423
1, 2, and 3 cannot be stable: even when in its equilibrium configuration of

as explained in [7], when ¢ € (0 ) a triple junction made up of phases
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Figure 10: Example of wetting due to violation of the triangle inequality. Left: The
initial condition contains only phases 1, 2, and 3. The corresponding 3 x 3 submatrix of
the full 4 x 4 surface tension matrix satisfies the triangle inequality, even though the full
matrix does not. Right: Nevertheless, Algorithm (42-45) is aware of the possibility of a
fourth phase, and immediately nucleates a thin layer of it along the I'1 2 interface present
in the initial condition. That thin wetting layer of phase 4, shown as the darkest region,
remains between phases 1 and 2 throughout the evolution. See also Figure 11.

symmetric, 120° junction angles, it would be unstable under the nucleation
of phase 4.

Figure 12 shows this taking place during a four-phase simulation using
Algorithm (42-45), where the surface tensions were taken as in (87) with
e = 0.03. Note that once again the algorithm is unconditionally gradient
stable for this set of surface tensions.

7 Appendix: Convergence of the Energies

In this section, we show that the multi-phase interfacial energy functional
(2) can be obtained as the I'-limit of the quadratic non-local energy (13).
We establish this result for isotropic surface energies, but just under the
assumption that the surface tension matrix o satisfies the triangle inequality
(3): o0 € Tn. In particular, our result yields the well-known lower semi-
continuity of the limiting functional by a new and elementary argument,
relying on an approximate monotonicity of the approximating functional,
see Subsection 7.1. The other ingredients to our I'-convergence result can
be found in the literature [1, 28].

For the results on lower semi-continuity in the case of anisotropic surface
tensions, we refer to the sufficient criteria of Bi-convexity [3, 2.2] and (B)-
convexity [3, 2.3] for BV -ellipticity [3, 2.1], that is equivalent to lower semi-
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Figure 11: Comparison of the four-phase dynamics computed using Algorithm (42-45)
with the effective three-phase dynamics when the surface tensions violate the triangle
inequality, leading to wetting. The effective three-phase dynamics result is the black
curve, while the red curve shows the result of the four-phase computation with the ill-
posed surface tensions; they match very closely. The thin region indicated by the blue
curve is the wetting layer automatically nucleated by Algorithm (42-45) during the four-
phase computation. The magenta curve shows what the four-phase evolution would have
been if the wetting layer had not been nucleated. See also Figure 10.

continuity [3, Theorem 2.1]. We also refer to [29] for the sufficient criteria
of B2-convexity, that turns out to be equivalent to the triangle inequality in
the isotropic case.

At least for the purposes of this section, we may take the convolution
kernel G to be more general than merely the Gaussian. We require it have
the form Ge(z) = e ?G(%), where the mask G(%) is smooth and satisfies

GZO, fRde‘%:]" \[Rd |fi’|Gd§3<OO,

R ) . (88)
G=G(z)), [VG@)|$G(3),  VGE)-2<0.

Recall that we say a configuration u is admissible if it respects (15). In this
section, we take D = [0, L)d C R%, and assume that all u; are L-periodic in
every coordinate.

Proposition 3 Suppose that for an admissible sequence of configurations
{uc}ej0, {Ee(uc)}epo is bounded. Then {uc}ejo pre-compact in L*([0, L)?).
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Figure 12: Nucleation and growth of a fourth phase in the evolution computed by
Algorithm (42-45), even though the initial condition contains only three phases, and the
surface tensions satisfy the triangle inequality. Leftmost panel shows the initial condition.

Under the (strong) topology of L*([0,L)%), the sequence of functionals
{Ec}ejo T'-converges to the functional E defined on the set of admissible u’s
given by

1
B(w) =0 Y oy / V| + / V| - / V(i +up)] ]
7 2\ 0,17 0,1

(89)

if u; € BV ([0, L)%, {0,1}) for alli =1,--- N, and E(u) = 400 else. Here
_ 1B +1Gdi
Co ‘= W fRd |£L‘| Z.

Note that 2 (f[o,L)d |Vu;| + f[o,L)d |Vu;| — f[o,L)d |V (u; + uj)|> formally
is the d — 1-dimensional measure of the interface between {u; = 1} and
{u; = 1} on the “torus” [0, L)%

PRrROOF OF PROPOSITION 3. The pre-compactness statement is a conse-
quence of Lemma 5 of Subsection 7.3.

We turn to the recovery sequence for a given admissible uw. If u; €
BV ([0,L)%,{0,1}) for all i = 1,--- , N, Lemma 4 shows that we may take u
itself as a recovery sequence. If this is not the case, then Lemma 5 implies
that E.(u) T oo = E(u) as € | 0 so that also in this case, we may take u
itself as a recovery sequence.

We finally turn to the lower semi-continuity part of I'-convergence. Given
is an admissible sequence {uc}cjo that converges to an admissible u in
LY([0, L)%). According to Lemma 3 we have for any ey > 0

Eu(w) = (9 )dﬂ Bey(t),

€+ €
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Furthermore, since for fixed ¢y > 0, F, is continuous w. r. t. L*([0, L)?) (on
the space of admissible configurations), we have

leii[r)l E,(ue) = Eey(u).

Both statements combine to

liminf Ee(ue) > Ee,(u)
el0
for all ¢g > 0. Finally, the same argument as in case of the recovery sequence
yields
lim B, (u) = E(u) € [0, o0].
€00

The two last statements combine into the desired

limui)nf Ec(ue) > E(u). O

7.1 Approximate monotonicity

This subsection establishes an approximate sense of monotonicity for the
functionals (16): they are approximately increasing as the width of the
convolution kernel decreases. This might be the only novel ingredient of our
discussion of I'-convergence of (16).

Lemma 3 Suppose u is admissible. Then we have for all 0 < € < €p:

E.(u) > <€0€i 6) o By (u). (90)

PRrOOF OF LEMMA 3. We fix u and € > 0. We first argue that (90) is a
consequence of the following two statements:

E(u) > Enc(u) forall N € N (91)

and
¢ E, (u) > e E, (u) for all € > e. (92)
Indeed, for ¢y > € let N € N be such that

€0
eo—l—e'

(N —1)e < ¢ < Ne¢, in particular ];—06 > (93)
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We obtain (90) as follows:

(91)
E.(u) > Ene(u) = (Ne) (N By (u)
(92),(93) (93) d+1
> (Ne)*(d+1>eg+1E€0(u) > < €0 > E. (u).
€y + €

Before addressing the main ingredient (91), we turn to the easy ingredi-
ent (92), that can be reformulated as
d _d+1

deE() €

Ec(u). (94)

As we shall see, this is a consequence of the radial monotonicity of G, cf.
(88). To ease notation, we introduce

o x)uj(z+ h)de =) o i(x)uj(x + h)dr  (95)
Z J/ J ; J/ J

and note that

_ i/Gs(h)F(—h)dh—/éilJrlG(}z)F(—h)dh. (96)

Hence we obtain (94) as follows:

O <(d+1)G(h)+VG(h) h> F(=h)dh

€

2 [ nerena® - ),

We now turn to the proof of (91). We start by arguing that for (91), it
is enough to show that

F(h+ W) < F(h)+ F(r') for all h,h € R% (97)
Indeed, on the one hand, (97) can be iterated to yield
F(Nh) < NF(h) forallh eR% N e€N. (98)

On the other hand, we have by (96)

-2 / Gelh)F(~h)dh =~ / G (h)F(—ch)dh. (99)
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We thus obtain, using the non-negativity of G,

Ene(u) & Nie / G(h)F(~Neh)dh

(98)
<
9)

% / G(h)F(—eh)dh
( Ec(u

).

We now turn to (97). We write for abbreviation ' := x+h, 2" := 2/ +h/
and note that for ¢ # j we have

wi(@)u;(2") = wi(w)u;(2') — wi@)u;(2")

Do) 3wy @) — i@y ) S (") — 3wyl (2"
k

k k

= D (wie)un(ayuy (") = wilw)us (o yun (o) — s @'Yy 2" ).
k

8

We observe that the contribution from k € {i,j} to this sum has a sign:
wi(@)ui (2 )ug (@) — w(@)u; (@) ui(2") — s (w)ui(2')u; (2”)
i () (2" )u; (2") — wi(@)u; (2)u (@) — wj(2)ui(a)u; ()
(15)
= —ui(@)uy (@ )ui(2") = uj(@)ui(@)u;(2") <0,
Hence we obtain
ui(z)uj(x+h+ 1) —ui(z)uj(z+ h) —ui(z + h)u;(z + h+ h')
< Y (@) (@) = wilw)u (o u(") = up@)uayu (") )
k#i,j

Multiplying both sides by o; j, integrating over = € [0, L)4, using translation
invariance, and summing over all pairs (i, j) with ¢ # j yields by definition
(95) of F:

F(h+ 1) = F(h) — F(1)

< Z oij | wi(x)uk(z + h)u;(z + h+ h')
i,j,kpairwise different
—ui(z)uj(z + h)ug(z + h + h')
—ug(z)u;(z + h)u;(z + h+ h')dz.(100)
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We now claim that the r. h. s. of (100) has a sign. Indeed, using the
triangle inequality for the o;;’s, the integrand can be estimated as follows

> iy (s ur ('t (&) = i)y (2 o (")
i,j,kpairwise different

—ug(z)u; (2 )u; (m"))

(3),(15)
’ 315 Z <Uikui($)uk(l")uj(x”) + opjui(@)ug (2 )uj(z")

i,j,kpairwise different
—oijui(x)u; (@ )ug (z") — O'ijuk(x)ui($/)uj($”)).

Relabeling the indices, we see that the four contributions to the r. h. s. cancel
after summation: namely, the first term in the summand cancels with the
third, and the second cancels with the fourth. [J

7.2 Consistency

The following lemma can essentially be found in [28][Theorem 3.1]. We
display our own proof, since we allow for a slightly more general convolution
kernel GG, and since our argument uses even less geometric measure theory
(no notion and regularity of reduced boundary required).

Lemma 4 Suppose u is admissible in the sense of (15) and that in addition,
u; € BV ([0,L)%,{0,1}) for everyi=1,--- ,N. Then

1
lim E.(u) = ¢ O'i'/ Vui—l—/ Vu-—/
o =0 Soug ([ s [ o= f

)

|V (ui +Uj)|>

Bd-1 N N
where ¢y 1= w Jga |2|Gdi.

PROOF OF LEMMA 4. The statement obviously reduces to

1 o
lim — G * vdx = | B4 / riG(r)dr
0

el0 € [0,L)d
1
><</ |W|+/ |w|—/ |V(v+z7)|),
2 \Jpo,y [0,L)¢ [0,L)¢

(101)
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where v € BV ([0, L)¢,{0,1}) (that plays the role of u;) and & € BV ([0, L)%, {0,1})

(that plays the role of u;) satisfy

v0=0 a.e. (102)

The first reduction is to get rid of G and to reduce the statement (101)
to

lim ~ / / v(z + €€)dxdg
el0 € Jgd-1 Jo, L)d

= 1B (/ ]Vv|+/ |W|—/ |V(v+ﬁ)|>.(103)
0,.0)4 0.0)4 0.0)4

Indeed, because of the radial symmetry of G, i. e. G(x) = G(|z|), cf. (88),
we have

1
/ UG x vdx
€ Jio,L)?

/ G(h) / v(x + eh)dzdh
R4 0,L)4

_ / Gyt / / (@ + eré)dzdédr.
sd-1 J[0,1)d

We thus see that (103) formally yields (101) by substituting € by er in (103)
and integrating w. r. t. the nonnegative measure G(r)r%dr. We note that
this measure is finite because of our moment assumption on G, cf. (88). We
now make this argument rigorous by an application of Lebesgue’s dominated
convergence theorem: The dominating function is obtained as follows:

/ / (x + eré)dxdé
€T Jgd—1 [0,L)d

o /Sd 1/0L (v(z + erf) —v(z))dzd§

ET'/Sd—l /[0 oy |v(x + erg) — v(x)|dxds
\Sd1|/ |Vl (104)
[0,L)d

IN

IN
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The second reduction step is to disintegrate S9! into individual axes
+¢ € S9!, which means to reduce (103) to

1

lim — o(z)(v(z + €€) + v(x — €§))dx
el0 € [0,L)d
1 - -
- 3 (/ evol+ [ vl [ |5-V<v+v>\> (105)
[0,L)¢ [0,L)¢ [0,L)¢
where |£ - Vu| = [€ - v||Vv| with v = \% denoting the measure-theoretic

normal (which exists by Besicovitch differentiation of measures). Formally,
(103) is obtained from (105) by integration w. r. t. 1d¢. This is obvious for
the 1. h. s. . For the r. h. s. we note that because of symmetry,

/ / €. Volde = / / €-V]de|Vo| = / €-ealde / Vo,
Sdfl [O,L)‘i [O,L)‘i d—1 Sd—l [O,L)d

where eg = (0,---,0,1)7; and observe that for s = 2 - ¢4

)

= |Sd_2|/ | cos ] sin?~2 9dh
0

= 2|SdQ/2 cos 0 sin? =2 9df
0

Td,. 1
= 2|Sd2/2 @[d 1Sind71 0]d9
0 _
2
= |8972|—=— = 2|B% Y.
2= = 2B

To make this rigorous, we use once more dominated convergence based on

the estimate
<2 [ |ve],

The third reduction step is to reduce (105) to the analogue statement
for a single space dimension, namely: For any w,w € BV ([0, L), {0,1}) with

1 5
! /[ T ) ol — e

€

which is obtained as (104).
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ww = 0 a. e. we have

lim1 (w(s+¢€)+w(s—e€))w(s)ds
el0 € [O,L)

1 / dw / dib / d(w + W)
_ 2 an e ——). 106
2 ( [O,L) dS | [O,L) | dS [O,L) | dS | ( )

Indeed, by symmetry, it suffices to show (105) for £& = e4, which prompts
to introduce the coordinates s = ¢4 - x and 2’ = = — sey. We claim that
(105) is obtained from applying (106) to w = w, = v(a’,-) and W = Wy =
¥(2/,-) and formally integrating over 2’ € [0, L)?~! (w. . t. to the Lebesgue
measure). This is (formally) obvious for the 1. h. s. of (106). For the r. h.
s. it follows from elementary BV-theory [14]: For any v € BV([0,L)%) we
have w, € BV ([0, L)s) for a. e. ' € [0, L)' and f[o,L)d—l f[o,L) %WCE, =
f[OvL)d leq - Vu|. Again, the formal integration is made rigorous with help of
the principle of dominated convergence based on the estimate

dw./
§2/ iy
[O,L) dS

and noting that the dominating function f[o /o) |%| is integrable:

duwgs
/ / | ;U |da' = / leq - Vu| < oo.
0,0)d-t Jjo,L) aS [0,L)4

It remains to give the argument for (106). Because of w,w € BV ([0, L), {0,1}),
w and w are functions of s that have a finite number of jumps between 0

1 / Wy (8)(wy (s + €) + Wy (s — €)ds
0,L)

€

and 1. Let us denote the (pairwise different) jump points by s1,- -« , sy and
81, , 8- Clearly,
d ~ dw
M= 12 and M= k]
o.1) ds o.1) ds

Because of ww = 0, w + w jumps where either w or w jumps, so that

/ ’W‘:M+M_2#({Sb7$M}m{§1’7§]\~4})
o) @9

Hence the r. h. s. of (106) is given by #({s1,---,sm} N {51,---,5;;}). It
thus remains to argue that
1

hﬁ)li w(s)(w(s+6)+w(3_6))ds = #({317'” ’SM}ﬂ{gl’”' 7‘§M})
€ € [0,L)
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Indeed, it is elementary to see that if € is smaller than any distance between
two different elements of {s1,---,sp7,31,---,5,;;}, we have exact equality

1 ‘ = S1,7 58 I
/[O’L)w(S)(w(s-i—e)+w(s—e))ds = #({s1, - su} 0 B, 5 ))

€

completing the proof. [I

7.3 Compactness

The following lemma can essentially be found in [1, Theorem 3.1]. For the
convenience of the reader, we include its proof in our situation, following
the lines of [1, Theorem 3.1].

Lemma 5 Suppose {uc}ejo is a sequence of admissible configurations such
that {Ec(uc)}ejo is bounded. Then {uc}ejo is pre-compact in L([0,L)?). In
addition, any accumulation point u satisfies u; € BV ([0, L)%, {0,1}) for all
i=1,--- N.

PRrROOF OF LEMMA 5. We note that for any fixed i =1,--- | N

1
FE.(u, > mino;; | — / Ui Ge * U cdx
0 = (aoa) (3 [ i

1
(15) <min m»j) c / (1 = uie)Ge * ui.cda.
J#i € Jlo,L)d

Hence we have by (15) for (short) ve := u; ¢ € [0, 1]

1
/ (1 — ve)Ge x vedz  stays bounded as € | 0, (107)
[0,L)%

€
and we want to show that {vc}¢jo is pre-compact in L([0, L)?) and that any
accumulation point v is in BV([0, L)%, {0,1}).
We start by establishing several functional inequalities for an arbitrary
L-periodic function v(z) € [0, 1]:
Jpa Ge(h) f[o,L)d |v(x + h) —v(z)|dedh < 2 f[O,L)d(l — )G * vdz,(108)
Jo.pya |Gexv—vldz < [pa Ge(h) [jg 1yalv(@ + h) = v(@)|dz dh, (109)
f[o,L)d v(l —v)dx < f[O,L)d(l — )G x vdx + f[O,L)d |G x v — v|dx(110)
f[O,L)d [V(Gexv)|de < €t [pa Gae(h) f[(],L)d |v(x 4+ h) — v(z)|dz.(111)
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We start with inequality (108). Because of G(—h) = G(h), cf. (88), we have
in particular

/ (1 —v)Ge x vdx
[0,L)%

= / Ge(h)/ v(z + h)(1 — v(x))dzdh
R4 [0,L)d
1
= 3 /]Rd Ge(h) /[07L)d v(z +h)(1 —v(x)) +v(x)(1 —v(z + h))dzdh.

Now (108) follows since for (short) v = v(x) € [0,1], v" = v(x 4+ h) € [0,1]
we have

[v) — o] < " — oV + |ov’ — o] =0 (1 —v) +v(1 =2).

Inequality (109) follows from Jensen’s inequality using G. > 0, [ G.dh =1,
cf. (88). Inequality (110) follows from the fact that (short) v = v(z) €
[0,1], ' = (G xv)(x) € [0, 1] satisfy

v(1—v) <V (1 —v)+ ] -
We now turn to (111). We note that
V(Gexv)(z) = VGc(h)v(z + h)dh = VGe(h)(v(z + h) —v(x))dh,

R4 R4

so that
/ V(G v)|dz < / Ve [ e+ h) —o(@)|dedh. (112)
[O,L)d R4 [O,L)d

We observe that because of (88) we have

h

%) ~ e 1Gac(h). (113)

VG.(h)| = 1 va) (! < et
€

Inserting (113) into (112) yields (111).

We now may conclude: By (107), (108) and (111), V(G *v,) is bounded
in L'([0, L)%). Since in addition G, * v, € [0,1], G * v, is pre-compact in
LY([0,L)%). In view of (107), (108) and (109), G. * v. — v, converges to
zero in L'([0,L)?). Hence also v, is pre-compact in L'([0, L)%), as desired.
Now let v be any accumulation point of v, in L([0, L)?). Then it is also an
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accumulation point of G, * ve. Since V(Ge * v) is bounded in L([0, L)?), v
is in BV ([0, L)%). Finally v € {0,1}, as can be seen by using in (110) the
inequality (107) and the fact G¢ * ve — v — 0 in L! that was noted above.
O
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